INTRODUCTION
The origin of island-arc magmas continues to be a controversial topic. Disputes still centre on, for example, the relative roles of subducted lithosphere (including hydrated minerals and entrained sediments), the overlying mantle peridotite wedge, and the lithosphere of the arc itself; the roles of crystal fractionation, magma mixing, contamination, and assimilation have also been discussed at length. Solutions to these problems are not straightforward because the spectrum of data now available must be taken as evidence that the sources, taken as a whole, are heterogeneous, and that no simple generalised model of arc petrogenesis is adequate to explain the great range of major and trace-element and isotopic characteristics of igneous rocks from different arc systems . magmas cannot be related to a single-stage melt ing process of one source composition in the mantle, but rather must involve two or more stages to account for the differences in element abundances and isotopic signatures between magmas that erupted in island-arcs and other tectonic environments. Two-stage melting models have also been proposed to account for a progressive growth of continental crust from the mantle by melting processes at mid-ocean ridges, by subsequent cooling and transport of the differentiated oceanic lithosphere to zones of remelting in arc-trench systems, and by ultimate addition of peripheral arc welts to the continental crust (e.g. RINGWOOD, 1974; TAYLOR, 1979) .
Unravelling the part that island-arc magmatism plays in the growth of the con tinental crust, and in particular the extent to which the subducted lithosphere itself is involved (as a source of melts or hydrous fluids) is there fore of the utmost importance.
Resolution of these factors is critically required so as to elucidate the long-term behaviour of the sources of other magma types in the mantle, and the present contribution of, for example, mid-ocean ridge-basalt (MORE) sources to the growth of the crust (ARCULUS, 1981) . 
GEOCHEMISTRY OF ISLAND-ARC BASALTS
Primitive basalts Some persistent, if subtle, compositional differences exist between magmas produced in different tectonic environments and between those found in different island arcs throughout the world (e.g. PERFIT et al., 1980; EWART and LE MAITRE, 1980; . PERFIT et al. (1980) quoted the results of several individual studies of magmatic suites in different island-arc systems where andesite, dacite, and rhyolite could be related by processes of crystal fractionation of parental basalt mag mas, and noted that differences between these evolved rock types in island arcs and, for ex ample, MORB suites could be attributed partly to differences in fractionation processes. The significance of this point is important, but in the context of this paper, a critical first step in the assessment and characterisation of island arc magmas is to avoid divergent fractionation paths and to concentrate on comparisons of primitive basalts from different environments as possible indicators of the chemical nature of the mantle sources.
The term `primitive' in this paper refers to melts that have high Mg/(Mg+Fe2+) values and, accordingly, are candidates for compositions capable of existing in equilibrium with peri dotitic mantle sources bearing forsteritic olivine (for example, Fo90) and magnesian ortho pyroxene (En90 ). There is, of course, the pos sibility that some island-arc magmas are derived directly from non-peridotitic mantle, high-Fe peridotitic mantle, or crustal sources (and in this sense are also `primitive').
These magmas would therefore be excluded from considera tion, and so an examination of the potential sources of island-arc magmas could therefore be flawed by the high-Mg criterion.
However, the data examined by PERFIT et al. (1980) were drawn from island arcs as widespread as the Aleutians, Japan, Indonesia, Papua New Guinea, Vanuatu, and the Lesser Antilles, where in all cases there are high Mg basalts that could be considered as potential equilibrium melts of a Fo90 -En90 peridotitic mantle. This observation is in itself critical, because there is no possibility that such magnesian basalts can be derived solely from remelting of the basaltic layers of the sub ducted lithosphere.
If island-arc basalts (IAB) are derived pre dominantly by partial melting of the upper mantle wedge of peridotite overlying the sub ducted oceanic lithosphere, then a comparison of the geochemical characteristics of IAB with those of primitive basalts from non-arc environ ments should assist in determining differences in the nature of their mantle sources.
Major-element characteristics
The major element compositions of primitive, hypersthene normative IAB and MORB are similar and, despite widespread assertions to the contrary , IAB are not distinguishable from MORB by higher contents of A1203 and lower contents of Ti02 (see PERFIT et al., 1980 , for a recent review). However, whereas IAB and intra-plate basalts have similar ranges of alkali-element con tents, most MORB have strikingly low K20 con tents compared with those other basalt types. Furthermore, the range of Ti02 contents in most IAB is consistently lower than those in intra-plate basalts of otherwise similar major element composition.
In primitive MORB, however, the Ti02. contents are similar to those of IAB, and only in evolved (lower Mg/(Mg+ Fe")) basalts does the contrast between high TiO2 contents in MORB and low (generally less than 1.2 wt.%) TiO2 contents of IAB become apparent.
However, not all of the range of Ti02 contents in MORB can be accounted for by crystal fractionation, so mantle sources charac terised by different Ti02 concentrations must be involved in MORB genesis (BENCE et al., 1979) .
This has bearing on the usefulness of tectonic discriminant diagrams based on major elements such as Ti and geochemically coherent trace elements Zr, Hf, Nb, and Ta (PEARCE and CANN, 1973; WOOD et al., 1979a) .
Some of the differences in major-element composition between evolved magma types in different tectonic environments can reasonably be attributed to different proportions of the minerals involved in fractionation. For example, the dominance of ferromagnesian minerals such as olivine, pyroxene, spinel, and amphibole, and the relatively minor role of plagioclase in the early fractionation history of island-arc lavas, contrasts strongly with the case of MORB se quences (PERFIT et al., 1980) , and can account for divergent trends of chemical variation such as those observed in diagrams of CaO/A1203 versus Mg/(Mg+Fe2+). The very existence of contrasted fractionation trends must point to critical differences between magma types or in the nature of the routes taken to the surface, even if a comparison of major-element geochem istry of primitive basalts fails to reveal any dramatic, distinguishing features.
Trace-element characteristics
Trace-element abundances are powerful tools with which to explore the nature of magma sources, especially where considered in relation to isotopic com positions.
However, many ambiguities beset erstwhile investigators in the field of island-arc petrogenesis. Some trace elements appear to be particularly useful for unravelling processes in volved in island-arc magmatism, and these are examined below. Sr, Ba, and Pb KAY (1977, 1980) and SuN (1980) , among others, have stressed that the trace alkaline earths Sr and Ba, together with Pb, are typically enriched in IAB compared with MORB, and especially so in relation to abundances for other incompatible trace ele ments such as the light rare-earth elements (REE). KAY and co-workers (KAY, 1977; KAY et al., 1978; KAY, 1980) developed a petro genetic scheme to account for the major element, trace element, and isotopic characteristics of Aleutian island-arc magmas, that is based on the multi-stage petrogenetic model of RINGWOOD (1974) . However, in order to account for the pronounced positive anomalies, or `spikes', for Sr, Ba, and Pb relative to light REE on chondrite normalised diagrams for Aleutian Islands rocks, and for the Sr and Pb isotopic compositions of these rocks, a mixture of several percent con tinent-derived sediment, plus melt derived from the harzburgite of the underthrust oceanic litho sphere was considered to be the parental mag ma type in the arc (KAY, 1980 In themselves, the spikes constitute the strongest evidence for the involvement of at least two components in the formation of the magmas, and we make considerable use below of the relative sizes of Sr, Ba, and Pb spikes, rather than the absolute abundances of Sr, Ba, and Pb. This is justified from the point of view that our interest centres on Sr-Ba Pb versus REE partitioning.
We stress, however, that greater absolute abundances for Sr, Ba, and Pb in any one rock do not necessarily correlate with larger spikes. Numerical values are used below for the spikes, and are obtained from the expression (Sr,Ba,Pb)ch/(La,Ce)ch, where the suffix ch refers to chondrite-normalised values.
Th, U, Zr, Nb, and Hf
The high-field strength cations (HFSC) of Th and U are im portant as possible monitors of both the involve ment of upper-crust-derived sediment in island arc petrogenesis, and of the degree to which these radioactive elements are recycled through the mantle (e.g. ARMSTRONG, 1968; O'NIONS et al., 1979) . Th tends to be transported in the same way as the light REE in low-temperature weathering and sedimentation cycles; it remains fixed in sediment, whereas U more readily passes into solution. Th/U values in sediments have steadily increased with time, Th having become progressively enriched in younger sedi ments relative to U (MCLENNAN and TAYLOR, 1980) . The mass of U in seawater is much lower than that in exposed crust, and the oceans them selves are unlikely to be the major and per manent sink for U, despite a longer residence time of U in the oceans compared to Th (AUMENTO et al., 1976; MCLENNAN and TAYLOR, 1980) . MCLENNAN and TAYLOR (1980) suggested that either recycling of sedimentary Th plus U in altered oceanic crust or derivation of both IAB and MORB from mantle depleted in Th relative to U are possible explanations for the low Th/U values of IAB (2-5) and MORB (2-3).
If the Sr, Ba, and Pb spikes reflect participa tion of sediment together with hydrated oceanic crust beneath arcs, then prominent Th and U spikes should also be seen in chondrite-nor malised patterns for IAB. Furthermore, relative ly large Th/U values (about 6, MCLENNAN and TAYLOR) 1980) should also be observed unless an additional input of U from altered and sub ducted oceanic crust is involved, in which case there will be a further enhancement of the U spike in hybrid melts. (The low abundances of Th, U, Ba and the REE in marine carbonates and evaporites means that addition of this type of sediment is likely to act only as a minor dilutant of the abundances of these elements in the rest of the subducted sedimentary column).
On the basis of the approach adopted by KAY (1977 KAY ( , 1980 , the abundances of Th, U, Ba and selected REE have been calculated for a partial melt of a strongly light REE-depleted upper-mantle-peridotite source with a sedimenta ry contribution amounting to 0.125 wt.% of the peridotite (Fig. 2) . A light-REE-depleted source is chosen because most IAB are derived from sources with a long-term depletion of the light REE according to Nd and Sr isotopic evidence (DEPAOLO and WASSERBURG, 1977; DEPAOLO and JOHNSON, 1979) . The important points to note are that, contrary to the results shown in Fig. 2 , there are typically no prominent Th and U enrichments in IAB, and that both absolute abundances and Th/U values are low, as shown in Fig. 3 . IAB appear generally to be characterised by Ugh /Lath values higher than those of MORB, but there is no development of dramatic (greater than 2.0) U (or Th) spikes such as those observed for Ba (Fig. 1) Chondrite-normalised abundances of Th, U, Ba, and selected REE in sediment derived from upper con tinental crust (data from TAYLOR and MCLENNAN,1981) , in depleted peridotite (data from KAY, 1980, and WOOD et al., 1979b) and in the hybrid melt resulting from 25% partial melt of the depleted peridotite with 0.125wt.% sediment addition. Chondrite normalising values are from TAYLOR and MCLENNAN (1981) .
cord with such an hypothesis (Fig. 4) . In par ticular, the extensive depletion required to lower the Th abundances to levels less than that of La, should also have affected other HFSC to a similar degree. This is generally not observed, however, in that HFSC such as Zr and Hf in many IAB are not strongly depleted relative to La, whereas Nb is markedly depleted (Fig. 4) . A mineral is required that selectively removes Th and Nb with respect to Zr and Hf. The persistent fractionation of any such mineral, if it exists beneath island arcs, seems unlikely.
Continuous removal of Th and U from the sedimentary cycle by subduction of sediments without further transport back to the Earth's surface in island-arc melts would have important implications for conditions of heat generation in the Earth and for the long-term changes in the Pb-isotopic character of mantle-derived mag mas. An alternative interpretation is that no sediment, or at best a trivial amount, is sub ducted (see KARic and KAY, 1980) , and that the buried sediments are at shallow depths (less than about 30 km) rather than at great depths (deeper than 100km) required to place sedi ments beneath active island arcs. 
ISOTOPIC FEATURES OF ISLAND-ARC BASALTS

General features
Nd, Sr, and Pb Most MORB and IAB, and intraplate basalts from several localities, must have been derived from sources depleted in Nd relative to Sm compared with values for a chondritic uniform reservoir, CHUR, if the average 147Sm/144Nd value of chondritic meteorites is accepted, and if the evolution with time of the 143Nd/144Nd value of an Earth made up of such chondritic material is calculated (DEPAOLO and WASSERBURG, 1976a; JACOBSEN and WASSERBURG, 1980) . Some con tinental-flood basalts and other less voluminous continental rock types such as kimberlite host magmas (BASU and TATSUMOTO, 1979) are ap parently derived from CHUR, whereas other continental rock types are derived from sources either (a) depleted in Nd relative to Sm (NORRY et al., 1980) , or (b) enriched in Nd relative to Sm (e.g. DEPAOLO and WASSERBURG, 1976b) There is a large range of 143Nd/144Nd and $' Sr/86 Sr in IAB (Fig . 5A ). This means that no single mantle source, or special combination of sources, can be recognised in the genesis of all arc magmas. The range of Sr and Nd isotopic ratios mainly overlaps that of intraplate and some continental-flood basalts, and consequently many IAB and intraplate basalts must be derived from sources that have not undergone the same degree of light-REE depletion as the majority of MORB sources, or that IAB and intraplate basalts are mixtures of MORB and a source enriched in Nd relative to Sm (DEPAOLO and WASSERBURG, 1979) .
The envelope enclosing the majority of the 143Nd/144Nd versus 87Sr/86Sr data points for MORB and intraplate basalts has been termed the `mantle array' (DEPAOLO and WASSERBURG, 1979) . (1978) , , GORTON (1974) , BARSDELL (1980) and M. R. PERFIT, unpublished data 87Sr/86Sr values at any given 143Nd/144Nd value than those within the mantle array, though this is certainly not a universal feature as rocks from the Marianas, from New Britain, and some from the Sunda arc fall within the array (Fig. 5A ). These deviations towards higher 87Sr/86Sr have been interpreted as the result of metasomatic addition of subducted seawater to the peridotitic source of island-arc melts (DEPAOLO and WASSERBURG, 1977; HAWKESWORTH etal., 1979a) . The trivial amounts of Nd relative to Sr in seawater (Sr/Nd = 2 X 105, DEPAOLo and WASSERBURG, 1977) means that no significant change in the isotopic charac ter of Nd would take place in the peridotite source as the result of seawater metasomatism.
The hypothesis of seawater involvement has intuitive appeal, for several reasons, including (a) the presence in some island-arc rocks of hydrous phenocrysts and cumulate assemblages, indicating the presence of some water in the magmas; (b) the hydrated, subducted upper layers of the oceanic crust presumably must become dehydrated at some stage during move ment into the upper mantle; and (c) triggering of melting in the peridotite wedge overlying the subducted slab by infusion of volatiles released from the slab would provide a mecha nism for generation of magma beneath island arcs. However, the involvement of subducted seawater Sr in island-arc magma genesis is not so clear cut, as discussed below. BURG, 1976a,b) . e values are as defined by DEPAOLO WASSERBURG (1977; see text) . Abbreviations and data sources are as follows: M = Marianas (DEPAOLO and WASSERBURG, 1977) ; S = South Sandwich Islands ; N = New Britain (DEPAOLO and JOHNSON, 1979) ; E = Ecuador, and C = northern Chile (HAWKESWORTH et al ., 1979c) ; Su = Sunda Arc and B = Banda arc (WHITFORD et al., 1979a) ; filled circles and triangles arc ankaramatic and micro phyric series, respectively, of Grenada, Lesser Antilles (HAWKESWORTH et at, 1979a) . Seawater Sr and mass balance The relation ships between trace-element abundances and isotopic characteristics in rocks from several island arcs are examined in the following sec tions with a view to determining the role of the subducted lithosphere, seawater, and sediment in island-arc petrogenesis.
Before presenting these analyses, however, we review the implica tions of seawater addition as the explanation for the lateral shifts in 87Sr/86Sr from the mantle array.
Large water/rock mass ratios are required to obtain the substantial shifts in 87Sr/86Sr values from those appropriate to the mantle array at a constant 143Nd/144Nd value (DEPAOLO and WASSERBURG, 1979) . DEPAOLO and WASSERBURG (1977) , for example, showed that isotopic equi libration of one gram of MORB (100ppm Sr) with 10 grams of seawater (6 ppm Sr) would result in a change in 87Sr/86Sr of the rock from about 0.7024 to 0.7049. Another calculation was made by who suggested that the source of the relatively radio genic Sr is subducted and altered basalts in the ocean crust whose 87Sr/86Sr values were generally less than about 0.705. The source of part of the radiogenic Sr in altered crust is of course seawater, but a part of the Sr is also indigenous to MORB from their formation at a spreading axis. If the mantle is assumed to contain about 30ppm Sr, then each unit mass of mantle must completely exchange with the Sr in 1/3 unit mass of oceanic crust to change the 87Sr/86Sr value from 0.7030 to 0.7038. suggested that the oceanic crust itself would therefore have to form a significant part of the source region and processes affecting the Sr exchange might be partial melting of the subducted crust or metasomatic contamination of the mantle with fluids from the crust.
Island-arc lavas are typically characterised by Sr spikes, as discussed above, so the `excess' Sr has been attributed to additions from either sediment or seawater (KAY, 1977 (KAY, , 1980 . In this case, the Sr is not merely being exchanged between the subducted lithosphere and overlying mantle peridotite, but is being added to the peridotite.
(Similar arguments have also been proposed to account for the isotopic character of Pb and the development of Pb spikes in island-arc rocks; KAY, 1977) . If the transporting agent is a hydrous fluid released from the slab, then significant volumes of these fluids are required to achieve the metasomatic alterations. None of the characteristics of island-arc magmas are consistent with such large water/rock mass ratios being preserved during the transport and eruption of the magmas. Consequently, the generation of large increases in 87Sr/86Sr by this process in the source peridotite, or in melts from that peridotite, must involve large volumes of seawater filtrating through the rock, leaving behind Sr and raised 87Sr/86Sr values, without the majority of the water being retained.
A straightforward test for this type of petro genetic model is to determine whether a positive correlation exists between 87Sr/86Sr and Sr spike. This should be conspicuous if upper-mantle peridotite sources have been metasomatised by seawater. The same type of test should also reveal whether, in addition to Sr, other alkaline earths and alkali elements are transported in fluids released from the dehydrating slab and are also added to the sources of island-arc mag mas, as proposed for the South Sandwich Islands and Lesser Antilles HAWKESWORTH et al., 1979a) .
The notation used below is that of DEPAOLO and W ASSERBURG (1976a,b) who defined es r and eNd values as the fractional deviations in parts in 104 of the 87 Sr/86 Sr or 143 Nd/144 Nd value, respectively, from the value for CHUR.
South Sandwich Islands
Abundances of Sr and REE, and 87Sr/86Sr and 143Nd/144Nd values, for the South Sandwich island arc and the back arc area of Scotia Sea, were reported by and SAUNDERS and TARNEY (1979) . The displacement in esr values at a given eNd value for the arc lavas, relative to the back-arc basin lavas (Fig. 5A) was at tributed by HAWKESWORTH e t al. (1977) to the addition of 87Sr from the subducted oceanic crust. Two features of the esr-versus-Sr-spike (1977) and SAUNDERS and TARNEY (1979) . Sr-spikes are relative to Cech. Typical analytical uncertainties for all eSr values reported in this paper are ±0.8 e units. diagram (Fig. 6) , however, have considerable bearing on the validity of this interpretation. First, a positive correlation between esr and Sr spike is not observed. Second, any mantle source for the back-arc magmas cannot be con sidered as a potential end-member of the broad spread of data points. A general positive correla tion between Sr and Ba spikes is observed in these rocks (Fig. 7) . New Britain Nd and Sr isotopic data for eight New Britain rocks ranging from basalt to rhyolite do not fall significantly outside the mantle array, and give evidence that components from altered MORB (seawater contaminated) or sediment have had little effect, if any, on the source regions of these rocks (DEPAOLO and JOHNSON, 1979) . There is a rough positive cor relation between esr and SiO2, but nonebetween esr and depth of the Benioff zone. However, DEPAOLO and JOHNSON (1979) . B: different rock types analysed by DEPAOLO and .JOHNSON (1979) . Sr-spikes in both A and B relative to Lath.
cance of this, but tentatively suggested that it may be related to a slab-derived component (sufficiently low in esr that its isotopic effect was undetectable).
There is also a negative correlation between esr and Sr spike for the DEPAOLO-and-JOHNSON data, but this may be an effect of plagioclase fractionation as the more SiO2 -rich rocks have the lower Sr spikes (Fig.  8) .
esr and Sr-spike values for another set of data for New Britain rocks (basalts reported by are given in Fig. 8 . esr and Sr-spike are not obviously correlated, and this confirms the conclusion of DEPAOLO and JOHNSON (1979) Despite the absence of any simple mixing array between two components, there are some convincing positive correlations between Sr spikes and those for other elements such as Ba (Fig. 9A) and Pb (Fig. 9B) , as well as a broad correlation between the Sr spike and the size of positive Eu anomalies . In addition, there is a distinct trend of decreas ing Sr, Ba, and Pb spikes as depth to the Benioff zone increases. observed (Fig. 9C) , and despite the development of large Ba spikes (values up to about 5), the Th anomalies are all less than 1. In view of the arguments presented above on the behaviour of Th and Ba in sediments and during partial melt ing events, our conclusion is that a subducted sedimentary signature cannot be recognised in New Britain rocks.
Grenada, Lesser Antilles A set of samples from Grenada has one of the greatest esr shifts from the mantle array for island-arc rock suites (HAWKESWORTH et al., 1979a ; Fig. 5A ). There are, however, serious difficulties with the sug gestion of HAWKESWORTH et al. (1979a) A positive correlation between esr and Sr spike expected from the sea-water-contamina tion model is totally absent in Fig. 10 . On the contrary, there is a generally hyperbolic, negatively-sloping zone of points, and those samples having the largest Sr spikes (the ankara mites) are generally also those with the lowest esr. There is also a much greater range of esr values than for the South Sandwich Islands or New Britain suites.
Ba and Sr spikes for the Grenada suite are in general correlated positively (Fig. 11) , and consistent with a coupled behaviour of the alkaline earths observed in the rock suites of New Britain and the South Sandwich Islands, though the correlation is less clear.
Sunda arc WHITFORD and his co-workers (WHITFORD, 1975a,b; NICHOLLS and WHITFORD, 1976; WHITFORD et al., 1979a,b; NICHOLLS et al., 1980) described the chemical variations in volcanic rocks of the Sunda arc, particularly with reference to Java and neighbouring islands to the east. Their petrogenetic model is es sentially based on that of NICHOLLS and RING WOOD (1973) , and they have specifically favoured the addition of a high-87Sr/S6Sr component either subducted sediments or hydrated and altered oceanic crust to a peridotitic mantle source. Esr and Sr-spike values for the samples studied by WHITFORD et al. (1979a,b) are presented in Fig. 12 .
Some of the Sunda arc rocks are alkalic and have negative Sr anomalies on chondrite-nor malised plots, unlike the rocks described above. There is no overall positive correlation between Esr and Sr spike, but if one sample from the Papandajan volcano is disregarded, a case for a crude positive correlation can be made. How ever, in that event, and if a Srch /Lath value of 1.0 is a `normal' feature of single-source melt restite systems, then dilution of the Sr by a relatively Sr-poor, low-Esr component must be involved. This component cannot be subducted, upper-crust-derived sediment or seawater. Never theless, interpretation of these Sr data is dif cesses has been reported (in particular, see: KAY, 1977; KAY et al., 1978; KAY, 1980) . Despite the absence of published Nd isotopic data, some comments can be made on the validity of those interpretations involving subducted seawater, sediments, and altered crust.
A plot of esr versus Sr spike (Fig. 14) reveals no positive correlation; in fact, the reverse may be true, as in the Grenada suite where the case against a slab-derived Sr-bearing component has already been made. KAY (1977) , KAY et al. (1978), and SUN (1980) If so, the effect of sediment con tamination should be readily detected in a plot of Pb207/204 or 206/204 versus Pb spike. KAY (1980) showed that large Pb spikes exist for rocks from the Aleutians, and that these are positively correlated with Ba spikes. In the absence of the original Pb abundance data, we have taken the published Ba data with which to construct Fig. 15 . No positive correlation is observed in plots of Ba spike against 207Pb/204Pb, or 206Pb/204Pb. If one sample from Unmak is ignored, a rather crude negative correlation is observed suggesting a trend toward less radio genic Pb with increasing Ba (and hence Pb) con tent. This is opposite to what is expected from the models published by Kay and his co-workers.
Unlike the other suites of arc rocks discussed here, there is no particularly convincing cor relation between the Ba and Sr spikes of the Aleutian lavas (Fig. 16) 
CRITICAL NON-ISLAND-ARC IGNEOUS
CHARACTERISTICS
Volcanic provinces Three sets of data for rocks from different, non-island-arc volcanic and tectonic environments may be used to illustrate the fact that lateral deviations from the esr €Nd mantle array, and the presence of Sr spikes, are not unique to island-arc rock suites.
Sao Miguel, Azores
Nd and Sr isotopic data for rocks from Sao Miguel, an oceanic island in the Azores, define a zone that has a lower slope than that of the mantle array and which extends to progressively higher esr values relative to the eN d values of the array (Fig. 5B) . To some extent, this behaviour mimics that of some island-arc data, but obviously a source rich in 87Sr in a subducted slab beneath the Azores is not one of the more plausible petrogenetic solutions. No correlation whatsoever between e s, and Sr-spike is observed for the Sao Miguel suite (Fig. 17) indicating that a simple two component mix cannot account for the data array. Independent, complex magma sources NORRY et al. (1980) reported Nd, Sr, and Pb isotopic data for a range of lavas from the Eastern Rift, including those samples described by WEAVER (1976-77) . The isotopic data for the Emuruangogolak suite deviate markedly from the mantle array (Fig. 5B ) in the direction expected of seawater contamination.
Such a contaminant is not thought to exist beneath the Rift Valley, so NoRRY et al. (1980) appealed to contamination by upper-continental crust to explain the eNd-versus-esr characteristics.
Roman Province, Italy
A degree of con sensus has recently emerged regarding the nature of petrogenetic processes at work in the Roman Province (VOLLMER, 1977; HAWKESWORTH and VOLLMER, 1979; TAYLOR et al., 1979; VOLLMER and HAWKESWORTH, 1980) . The rocks of this region have eNd values which are lower, and esr values which are higher, than those of the mantle array, and must have been derived from long-term radiogenic (high Rb/Sr, low Sm/Nd) source regions (Fig. SB) . TAYLOR et al. (1979) and HAWKESWORTH and VOLLMER (1979) recognised the need for at least two components to account for the analytical data, but they differed in the identification of the sources. HAWKESWORTH and VOLLMER (1979) and VOLLMER and HAWKESWORTH (1980) sug gested that Nd and Sr abundances, and the isotopic data, could be explained by metasoma tism of upper-mantle source regions by fluids characterised by high 87Sr/S6Sr and low 143Nd/ '4'Nd values , by high contents of K, Rb, and the light REE, and by depletions in Sr and Eu2+. On the other hand, TAYLOR et al. (1979) emphasised, on the basis of combined 0, Pb, Sr, and Nd isotopic analyses, , together with major and trace-element analytical data, that mantle-derived magmas interacted with the Italian continental crust to different extents. TAYLOR et al. (1979) showed that assimila tion of high-180 country rocks (pelitic schists, flysch, and some carbonates) was important during the crystal fractionation of both high-K and low-K series volcanics of Roccamonfina volcano. They presented as proof of their hypothesis a plot of 206Pb/404Pb versus 87Sr/86Sr contoured for S'80 values. A rough mixing hyperbola was revealed for suites from different parts of the Roman Province. A mixing hyperbola is also seen on the esr-versus-Sr-spike diagram for these rocks, demonstrating a gradual lowering of the Sr-spike as the eSr values increase ( Fig. 18 ; see also HAWKESWORTH and VOLLMER, 1979, Fig. 8) . As in the case of the East African Rift samples, contamination of primary melts with material high in 87Sr/86Sr but low in Sr (upper continental crust) is a possible explana tion of the trends observed.
Despite the lateral displacement of some of the data points for the Roman Province rocks from the mantle array, there is no convincing seismological evidence for the existence of a subduction zone beneath the province (cf. NINKOVICH and HAYS, 1972; EDGAR, 1980;  Sr CUNDARI, 1980) . A subducted seawater/sedi ment component does not appear to be involved, and displacement of the Esr values appears to result from contamination during rise of the magmas through the crust. In general, however, the behaviour of the e Sr and Sr spike values for the Roman Province suite is unlike those of the island-arc suites studied here.
Ultramafic samples
Some peridotite samples from the southwestern U.S.A. are characterised by large Ba and Sr spikes, as well as lateral shifts in Esr from the mantle array, as shown in Figs. 5B and 19 (after JAGOU'rz et al., 1979; . Other peridotites described by JAGOUTZ et al. (1979) , and not included in Fig. 19 , do not have the Sr and Ba spikes shown by those from Kilbourne Hole and Potrillo Maar (a sample from San Carlos also has a Sr spike but no Ba spike).
Isotopic data for mineral separates from samples KH 1 and SCI are also plotted in Fig.  5B , where the data for orthopyroxene (low indigenous Sr relative to clinopyroxene) in sample KH1 and clinopyroxene from SCI plot to the right of the mantle array. JAGOUTZ etal., (1980) suggested that groundwater, radiogenical ly enriched in 8'Sr was added to the Kilbourne Hole peridotite but offered no explanation for the shift in Esr of SC1. The Sr spikes in these samples appear to be due to additions of a 87Sr rich component of some kind, but this is in contrast to most island-arc suites where the spikes seem to correlate inversely, or not at all, with Esr (the Sunda-arc suite may be one of the exceptions, as discussed above).
Other mantle-derived samples in which Ba (but not Sr) spikes are pronounced, are eclogites from the Roberts Victor kimberlite pipe of South Africa (PHILPOTTS et al., 1972) . Continental flood lavas and crustal nodules A Ba spike on a chondrite-normalised trace-element diagram `strongly distinguishes' IAB from oceanic basalt types, according to SUN and HANSON (1976) . Continental basalts and samples of the lower crust (20-5 5 km deep), however, also have conspicuous Ba anomalies, so this feature is by no means unique to island-arc rocks (Fig. 20) . Ba spikes are found for flood basalts from different continents, including those in intra-continental rifts, and are found commonly in Columbia River Plateau basalts (Fig. 20) . CARLSON et al. (1981) suggested from ENd-esr characteristics of the Columbia River basalts that mixing of primary, mantle-derived melts with old (Precambrian) continental crust has taken place. We suggest that this observation may have relevance for the interpretation of Ba spikes in island-arc lavas. To what extent, then, are the lateral shifts in andesitic volcanoes of South America are not part of an island arc, yet important and relevant data for hypotheses of contamination processes in island-arc suites have been proposed for this region (e.g. THORPE et al., 1976; FRANCIS et al., 1977; JAMES, 1978; TILTON, 1979; HAWKESWORTH et al., 1979c) . JAMES (1978) suggested that sub ducted greywackes derived from upper-con tinental crust were involved in the genesis of the lavas on the basis of 110/16 0-versus-87Sr/86Sr relationships. However, TILTON (1979) pointed out that Pb-isotopic data were not in accord with this model, and favoured contamination of mantle-derived melts with lower-crustal granulitic or amphibolitic material. HAWKESWORTH et al. (1979c) attempted to identify a pristine, upper-mantle component by determining Sr and Nd isotopic ratios for plateau lavas in Patagonia. By comparing these values with similar data for andesitic volcanics that erupted in Ecuador and Chile, they suggested that the displacement to higher 87Sr/86Sr values in the Andes was the result of an input of sea water-affected Sr from the subducted litho sphere. This displacement is illustrated in Fig.  5A where the data for the andesitic volcanoes, taken in toto, define a rough trend towards values appropriate for parts of the upper-con tinental crust (DEPAOLO and WASSERBURC, 1979) .
Caution must be exercised in interpreting the magnitude of the Sr spikes of the Andean andesites, shown in Fig. 21 together with data for the Patagonian basalts. This is because the Sr spikes will have been reduced in different amounts, if the andesites have undergone sub stantial (and different) amounts of plagioclase fractionation. Given these difficulties, the data shown in Fig. 21 do not permit any simple con clusions regarding the role of subducted seawater or sediment beneath the Andes.
Despite a limited range of Sr-spike values in the Patagonian basalts, considerable differences in esr are ap parent, indicative of a heterogeneous upper mantle beneath South America (H AWKESWORTH et al., 1979c) . There is no positive correlation between esr and Sr-spike for the Ecuadorean samples, which mc'iLns that a seawater/subducted Hypotheses of contamination of arc-trench type magmas by upper-continental crust have been strongly supported by BRIQUEU and LANCELOT (1979) and FRANCIS et al. (1980) , among others. Subducted seawater or sediment is not obviously involved in the genesis of the magmas, but the Pb-isotopic arguments of TILTON (1979) for lower crustal involvement may be an indication that different parts of the continental crustal sequence in South America behave as contaminants to different extents (see below). (a) the major-element geochemistry of prim itive JAB is similar to that of oceanic basalts, except that the K (and Rb) con tents of IAB are generally higher than that of MORB, whereas abundances for the HFSC group of elements are generally lower than in intraplate basalts; (b) some trace elements in IAB, notably the alkaline earths and Pb have pronounced spikes in chondrite-normalised abun dance plots compared with equivalent data for MORB and intraplate basalts at least two stages (or two components) appear to be necessary to explain these relatively higher abundance levels; (c) isotopic data for some island-arc suites include higher ESr values than those of the mantle array at similar EN d values again, at least two source components seem to be required, compared with mag mas that are derived more clearly in single melting events in the upper mantle;
(d) IAB that plot in, or close to, the eSr eNd mantle array are isotopically more similar to ocean-island basalts than they are to MORB.
The main objective of this paper is to re concile these observations with the isotopic and trace-element fingerprints expected to result from the participation of subducted lithosphere and upper-mantle peridotite in melting events beneath island arcs. The weight of evidence, however, appears to be against the involvement of subducted seawater (see also the 'He/'He argument of CRAIG et al., 1978) or radiogenical ly-enriched sediment in the genesis of most island-arc lavas. On the other hand, the massive fractionation of Sr, Ba, and Pb from the light REE is unlikely to be restricted to particular partial-melting events of upper-mantle peridotite beneath island arcs, and so a source for these element enrichments is required.
Pronounced abundance anomalies of ele ments such as Ba are found in some non-arc, continental, volcanic sequences in both plateau and rift provinces (Fig. 20) . Whether these abundance anomalies result from melting of anomalously enriched subcontinental upper mantle or from contamination of mafic magmas by crustal materials is not altogether clear .
Questions worth exploring, however, are: what other geochemical features can be expected from the effects of mafic-magma/crust interactions, and can the source components that appear to exist beneath continents also exist beneath island arcs? Alternatively, do the alkaline-earth and Pb-abundance anomalies in the rocks of mature island arcs result from contamination by passage through the thickened pile of previously erupted volcanic rocks and related plutons of the arc itself?
Role of the lower crust in island arcs Migra tion and juxtaposition of potential magmatic source regions presumably take place during the evolution of island arcs. KARIG (1972 KARIG ( , 1974 and MOBERLY (1972) proposed that island arcs in the southwest Pacific have gradually migrated away from continental margins to intra-oceanic settings, and that back arc basins have formed between the continent and arcs. Some arcs, such as those of Japan, appear to have had a single period of back-arc spreading related to their migration from the east Asian continental lithosphere.
Others, for example the Tonga Kermadec system, have more than one back arc basin and remnant arc between the active volcanoes and the neighbouring continental mass. Parts of the crust and upper mantle presumably migrate with the arc, and after several spreading events and splits, the propor tion of original, marginal, continental crust and upper mantle presumably diminishes.
One possible explanation for the Sr, Ba , and Pb spikes of IAB, together with the coupled systematic relationships between esr and Sr spike, and between 206Pb/204Pb (or 207Pb/204Pb) and Pb spike, is that they result from contamina tion of mantle-derived magmas by the lower crust of the arc. Two possibilities are that the lower crust in arcs includes remnant slivers of continental materials stepped out from con tinental margins (as described above), or that it is made up of the young, thickened arc pile itself consisting mainly of basalts and basaltic andesites metamorphosed to granulite-amphi bolite-eclogite facies. The nature of the continental lower crust is far from being comprehensively understood , but in several regions it has been shown to be predominantly mafic in character (ROGERS, 1977; ARCULUS and SMITH, 1979; GRIFFIN et al ., 1979; FERGUSON et al., 1979; DOSTAL et al ., 1980) . Depletion of Rb relative to Sr, and of U and Th relative to Pb, characterises high P/T mafic granulites and eclogites (e.g. HEIER, 1978) , and consequently the lower crust is not enriched in radiogenically-produced isotopes relative to the upper crust. It is, however, generally charac terised by notably high abundances of Sr, Ba, and Pb relative to the REE. Plagioclase is clearly indicated as a major host for Sr. Ba, and Pb, and different amounts of alkali feldspar pre sumably act as a host for Rb and Pb. Depend ing on the amount of alkali feldspar and phlo gopite in the lower crust, Rb/Sr values may have a wide range, and accordingly a range in 87Sr / 86Sr values can be anticipated in some regions.
A plausible explanation for the trends of in creasing Sr and Pb spikes relative to decreasing esr, 2°6Pb/2°4Pb, and 207Pb/204Pb preserved in many IAB may therefore be that partial assimila tion and re-equilibration of melts with feldspar bearing lower crust has taken place. Rutile is the characteristic accessory oxide mineral of high P/T metamorphic granulite eclogite-amphibolite terrains. Providing it re mains stable during melt-equilibration events , rutile may act as a sink for the HFSC and the greater preference of rutile for Nb and Ta, com pared to Zr and Hf, may account for the greater relative depletions of Nb and Ta (Fig. 4; WOOD et al., 1979a) in IAB compared with non-arc magmas. However, the significance of these fea tures is not yet clearly resolved in that , for example, similar degrees of contamination seem to have taken place in some continental and island-arc basalts, judging by Ba spikes of similar magnitude, yet equivalent depletions of HFSC are not found. We suspect that particular redox controls of the equilibration events in the lower crust may be critical in governing the persistently low abundances of the HFSC and the general fractionation trends developed in island-arc vol canic sequences. High redox states must prevail for rutile to persist as a restite phase without being dissolved in the mafic magmas during the equilibration.
Identification of old lower crust beneath island arcs
The foundations of many island arcs in the western Pacific region may contain slivers of lower continental crust that have significantly affected the compositions of mafic magmas rising from the upper mantle. A good example is the Banda arc (eastern Indonesia) which is flanked by oceanic crust on either side, but whose volcanic-arc rocks retain a continental crustal signature (WHITFORD et al., 1977; WHITFORD and JEZEK, 1979; W HITFORD et al., 1979a; MARGARITZ et al., 1978) . WHITFORD and his co-workers interpreted this signature as the effect of subducted continental sediments or crust beneath an essentially `oceanic' island arc. Our preferred interpretation, however, is that the cordierite-bearing inclusions found in some of the Banda volcanic rocks are samples of a continental sliver beneath the arc, and that mantle-derived magmas have been contaminated by these rocks.
Not all island arcs provide such good evi dence for the preservation beneath them of con tinental lower crust. New Britain is one such example.
The New Britain Benioff zone dips northwards that is, away from the Australian continent and there is no continent sufficiently close to the north that can be identified as the mass from which New Britain could have broken off by back-arc distention.
However KAY (1977) and KAY et al. (1978) showed there is no change in isotopic character of the volcanic rocks in an east-west traverse along the arc, despite a change in the character of the immediate arc basement (the crust west of Umnak appears to be oceanic, whereas to the east it is continental). Again, the question hinges on the nature of the marginal-sea floor in this case, that of the Bering Sea. If this seafloor is a piece of old, trapped, oceanic lithosphere (COOPER et al., 1976) and the west ern Aleutians are entirely located above oceanic mantle, there is little possibility of lower con tinental crust involvement. In this case, con tamination. of mantle-derived magmas by a relatively young (Tertiary) pile of plutonic and volcanic rocks, metamorphosed in the deeper portions of the crust to granulite facies, may be responsible for the development of the Sr, Ba, and Pb spikes in the youngest volcanic rocks of the arc. On the other hand, if the marginal sea represents some sort of back-arc basin, then involvement of lower continental crust remains an open question.
Finally, the example of the negative correla tion observed between Esr and Sr spike for the suite of basaltic lavas from Grenada in the Lesser Antilles (Fig. 10 ) cannot be interpreted simply as resulting from crustal contamination of mantle-derived melts. This is because as the size of the Sr spike increases in this suite, there is a strong shift towards higher, positive eNd values representing a second source component characterised by long-term depletion in Nd rel ative to Sm. This is unlike any major, con tinental, crustal component (see below), and therefore two separate mantle source com ponents are probably involved in the genesis of the Grenada suite.
Identification of the contaminants Clearly, no single, generalised model involving two uniquely characteristic sources, such as a specific upper-mantle component and a specific crustal component, can be proposed for all island-arc magmas. The heterogeneous nature of both the upper mantle and crust must be considered, and unravelling the details of the mixing processes that may take place between mantle-derived magmas and the crust will be difficult because of uncertainties in the nature of the components involved. DEPAOLO and WASSERBURG (1979) , however, described the isotopic results to be expected from two-component mixtures.
The relative isotopic effect on Sr and Nd caused by adding a fraction of crustal contami nant to a mantle-derived magma, depends on the values of Sr/Nd in both the original magma and contaminant, and on the differences be tween Esr and ENd of the two components. 87Sr/86Sr values for the lower crust are generally low (less than 0.705; DEPAOLO and WASSERBURG, 1979) , but there is some doubt about equivalent values for 143Nd/144Nd. For example, BASU and TATSUMOTO (1980) suggested that a ENd value of -4.2 for a Lesotho granulite may be more generally representative of the lower crust than the larger, negative eNd values proposed by DEPAOLO and WASSERBURG (1979) . The predict ed Sm/Nd value of a crust of mean age 1.5 billion years and eN d of -4.0 is about 0.300 that is, similar to values estimated for the lower crust by TAYLOR and MCLENNAN (1981) . Clearly, the extent of the shifts in ENd resulting from crustal contamination will depend on the iso topic character of both the mantle source and the particular crustal sequence in any given arc. Thus, the example of the contaminated basalt sequence of Skye (United Kingdom) reported by CARTER et al. (1978) may not be generally representative of the shifts of ENd to be expected of lower crustal contamination of mantle-derived melts. This is because the Precambrian (Lewisian) contaminants of the Skye region are characterised by large Sm/Nd values and large, negative eNd values.
If the Sr/Nd value of the lower crustal con taminant is considerably larger than that of the mantle-derived magma, then considerable shifts in Esr may take place from relatively little con tamination. Depending on the Esr value of the contaminant relative to that of the mantle derived melt, either some deviation from the mantle array will develop or none at all (Fig. 5) .
The contamination effects of magmas rising through a thick, heterogeneous crustal sequence are unlikely to duplicate those of simple two component mixing.
However, because magmas may be more buoyant in the lower crust (owing to its greater density relative to upper crust), upper crustal contamination effects should be more pronounced, other factors being equal. On the other hand, magmas substantially con taminated by the lower crust (Sr-rich, but not radiogenically enriched in 8'Sr) should be rel atively insensitive to subsequent upper-crustal contamination (Sr-poor, and radiogenically enriched in 87Sr). This does not seem to be the case in the Andes (see above), but obviously the same crustal sequence cannot be expected in all arc trench systems, and not all island arcs will carry the same contamination signature. For example, the upper crust of some arc-trench systems may consist of rocks originally formed in the lower crust (the non-arc volcanic rocks of Skye are an example of upper crustal contamina tion by lower crustal material Another difficulty in identifying IAB source components is reconciling the enrichments in several incompatible elements, especially the light REE, in arc rocks with Nd and Sr isotopic data that indicate depletions of Nd relative to Sr over long periods of time (e.g. CARTER et al., 1978) . Mantle metasomatism either at the time of partial melting or shortly before (within 105 years of) the melting episode -has been proposed to reconcile these observations (CARTER et al., 1978; MENZIES and MuRTHY, 1980) . We propose that enrichments in Sr, Ba, and Pb in IAB may at least in part be due to contamination by the lower crust, rather than by a mantle metasomatic event. However, accounting for the abundances of the REE by crustal contamination is less straightforward, and any transport of REE from crust to mantle-derived magma will depend on knowledge of the relative abundances of these elements in the crust and magma, and of the phases involved in crustal equilibration.
CONCLUSIONS
The major-element chemistry of IAB is broadly similar to that of other basalts that appear less equivocally to have been derived from upper-mantle peridotitic sources. Con sequently, an upper-mantle peridotite is regarded as the main source for IAB. However, at least one other component is thought to be involved in IAB genesis on the basis of trace-element characteristics and isotope systematics. The popular choices for this other component are subducted seawater, sediment, and hydrated and altered oceanic crust, but these fail to account for the trace element and isotopic character of IAB. A source enriched in Sr, Ba, and Pb relative to RN Th, and U appears to be required, and the most logical choice is the lower crust. On the other hand, limited data for some upper mantle peridotites and eclogites are evidence that fractionation of Sr and Ba from other incompatible elements such as the light REE may be more common in the upper mantle than is currently supposed.
The lower crust in island arcs may include relict continental material separated from the main continental mass by back-arc spreading. Fractionation of Sr, Ba, and Pb relative to the light REE in lower continental crust may take place by intra-crustal melting, with extraction of Rb, the light REE, Th, and U in a melt rel ative to the Sr, Ba, and Pb remaining in a restite feldspar.
The extent to which this process also takes place in the metamorphosed lower crust of island arcs made up entirely of thick se quences of arc-derived rocks ('oceanic' island arcs) is unknown, though presumably the for mation and rise of felsic magma from the lower parts of the crust will be favoured where the crust is thick and where high temperatures are maintained by the ascent of mafic magmas. 
